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) Modulated blue laser source.

@ A process and apparatus are disclosed for pro- with the said 808 nm pump beam or with 808 nm
@jducing a beam of coherent radiation at essentially radiation provided by a second semiconductor diode
&% 459 nm by mixing, in a nonlinear crystal consisting laser whose light is coupled with the 1064 nm beam

essentially of KTP, two laser beams, one at essen- using a beamsplitter. The essentially 459 nm beam
grytially 1064 nm and the other at essentially 808 nm. passes through the output mirror to a utilization
= The 1064 nm radiation is derived from a Nd:YAG device.

laser that consists of an input mirror, an output
gy mirror and a Nd:YAG crystal, and contains also the
§BKTP crystal. The Nd:YAG laser is pumped by an
@essentially 808 nm semiconductor diode laser beam,
which passes through the input mirror and through
the KTP crystal into the Nd:YAG laser crystal where
it is absorbed. The 1064 nm radiation oscillating
inside the Nd:YAG laser resonator is mixed either

Xerox Copy Centre



1 EP 0 306 136 A2

%

MODULATED BLUE LASER SOURCE

This invention relates to a laser source and
process for producing coherent radiation at a blue
wavelength, and more particularly relates io a mod-
ulated laser source and process for producing said
radiation upconverted by nonlinear optical means
with noncritical phase matching over a wide range
of ambient temperature variation, rendering it espe-
cially suitable for optical storage applications.

Laser sources have long been regarded as the
primary light sources for optical storage applica-
tions. For such applications, the laser source
should be compact, reliable, low cost and have
sufficient power for high data rate recording and
reading of data on an optical storage medium. For
writing daia, rapid modulation capability of the laser
source is advantageous. Also, the source should
provide a short wavelengih ouiput to maximize
storage density. It is known that semiconductor
diode lasers, such as GaAlAs lasers, can be used
to pump a compact, solid state laser such as a
Nd:YAG laser. However, the wavelength of such
diode pumped laser sources has been too long for
optical siorage applications or other applications
requiring short wavelength (blue) coherent radi-
ation.

it is known to use birefringent nonlinear cry-
stals o mix laser beams of two different frequen-
cies and hence differing wavelengths to produce an
upconveried beam of a third frequency and cor-
respondingly different wavelength or to generate
from a fundamental input wave a harmonic wave by
frequency doubling techniques. It is also known
that such mixing processes require phase maiching
for optimum conversion efficiency.

If it is necessary to employ an input laser
beam having a predstermined fixed frequency, it is
known that the phase maiching of the system may
be adjusted by changing the angle at which the
beam passes through the birsfringent crystal. How-
ever, the angle is critical and must be conirolled to
very tight tolerance to achieve acceptable phase
maiching.

It is also known that if an input wave can be
propagated essentially along any x, y or z crystal-
lographic axis of a nonlinear crystal of orthorhom-
bic or higher symmeitry, noncritical (acceptable tol-
erance) phase matching is achieved. This desirably
increases the adjustment angle tfolerance to as
much as about 10° . However, this precludes ad-
justment by twisting the crystal. Also, it may re-
quire adjusting the ambient temperature to some
unusual specific value and conirolling that value
within tight tolerance limits if operation is desired at
some specific wavelength. Conversely, to operate
at room temperature would require not only tight
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control of the tempsraiure bui opsration at a cor-
responding critical wavelength.

There is a need for an imiproved iime modu-
lated source of laser radiation which &xhibiis non-
critical phase malching over a wids rangs of op-
erating temperatures, is capable of modulalion at
the high data rates required for viable optical sior-
age applications, is coniroliable by voitages ap-
proaching TTL level voliages (of iess than § voits),
and which does not reguire application of an exier-
nal eleciric field by a siripline circuit or other
means.

According to the invention, thers is providsd a
process and time modulated source apparaius for
producing coherent radiation at essentially 459 nm
by mixing, in a nonlinear crysial consisting sssen-
tially of potassium titanyl phosphaie, KTiORO,,
(herginafier KTP), two laser besams, ong at essen-
fially 10684 nm and the other at essentially 858 nm.
According to a preferred embodiment. sach lassr
beam is derived from one or separzie semiconduc-
tor lasers, and the process and apparalus srbody
the foilowing novel and distinct features:

(1) Use of intracavily frequency mixing 10
upconvert a GaAlAs diods pumped MNd:YAG lassr
to 459 nm by mixing the 1064 i intamal field of a
Nd:YAG laser cavily with single pass radiation ai
808 nm provided preferably by ihe GaAlis diode
laser pump itself or, if preferred, by an audliary
diode laser. This desirably provides intracavity en-
hancement of the 1084 nm intensity while allowing
the upconverted 458 nm (blug) radiation to foilow
high speed modulation of the diode laser intensity.

{2) Use in this source and process of ceriain
unique input wavelengihs and of KTP nonlinear
material which together have the unique property of
providing room iemperaturs sum-fiequency gsn-
erafion with simulianeous wide angular iolarance
and exiraordinarily wide thermal iclerance. This
makes possible the design of mechenically prealig-
ned device configurations that can opsrats without
need for thermal control.

{3} Use of a diode lassr pumip having a
wavelength of essentially 208 am which simulia-
neously saiisfies the requirement for noncritical fre-
quency mixing with 1084 nm radigtion in KTP and
which is coincident with a strong absorption fine for
pumping a Nd:YAG lassr gain msdium.

In a preferred embodiment of the present in-
vention there is provided apparatus for generating
a coherent ouiput at essentially 488 nm, compris-
ing
first means providing a fundamsntai laser beam af
essentially 808 nm;
second means providing a fundamenial lasser bsam
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at essentially 1064 nm; and

a nonlinear crystal consisting essentially of KTP
and operative to mix said fundamental beams to
produce the coherent output.

Suitably said first means comprises a semicon-
ductor diode laser;
said second means comprises a Nd laser inciuding
a Nd-containing laser gain medium, a pumping
source, and mirror means forming an optical cavity
that is resonant at essentially 1064 nm; and
said crystai and laser medium are disposed within
said cavity; and preferably the mirror means has
facing surfaces which reflect at essentially 1064
nm, but are antireflective at essentiaily 808 nm and
459 nm, respectively.

The apparatus aptly also includes
a beamsplitter disposed outside the optical cavity
of the Nd laser for combining a pumping beam with
an essentially 808 nm beam.

In a further preferred embodiment of the
present invention there is provided apparatus for
generating a modulated beam of coherent radiation
at essentially 459 nm, comprising:
first means providing a fundamental laser beam at
essentially 808 nm;
second means providing a fundamental laser beam
at essentially 1064 nm;
one of said means operating CW and the other
means operating with modulation; and
a nonlinear crystal consisting essentially of KTP
and operative to mix said fundamental beams to
produce the coherent radiation.

Optionally means providing
reflective/antireflective coatings is provided for con-
verting the 808 nm beam inio a laser beam at
essentially 1064 nm, for example comprising exter-
nal reflecting optics.

Preferably said one means has the correct
polarization to produce mixing within said crystal,
and
said other means has a polarization orthogonal to
that of said one means whereby the essentially 469
nm generated radiation depends solely on the
modulated signals of said other means.

In an alternate preferred form
said first means comprises a semiconductor diode
laser;
said second means comprises a Nd laser including
a Nd-containing laser gain medium, a pumping
source, and mirror means forming an optical cavity
that is resonant at essentially 1064 nm; and
said crystal and laser medium are disposed within
said cavity; aptly wherein a beamsplitter disposed
outside said optical cavity is provided for combin-
ing said pumping source and modulated beam.

The foregoing and other features and advan-
tages of the invention will be apparent from the
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following more particular description of preferred
embodiments thereof as illustrated in the accom-
panying drawings.

Fig. 1 is a schematic side view, to exag-
gerated scale for clarity, of an optical system em-
bodying the present invention.

Figs. 2, 3 and 4 are schematic side views of
optical systems according to an alternate embodi-
ments of the invention;

Figs. 5a and 5b are plots of ouiput power
versus external horizontal angle of incidence and
external vertical angle of incidence, respectively, to
depict acceptable angular orientation tolerance
ranges achieved in systems embodying the inven-
tion;

Fig. 6 is a plot of output power versus tem-
perature showing the acceptable temperature toler-
ance range in systems embodying the invention;
and

Fig. 7 is a plot of output power versus
wavelength showing maximum power at essentially
808 nm in systems embodying the invention.

As -illustrated in Fig. 1, the optical system,
according to this embodiment of the present inven-
tion, comprises a GaAlAs diode laser 9 (or, if
preferred, a diode laser array) with collimating op-
tics and a modulated output beam 10 having a
wavelength of 808 nm focused longitudinally by a
lens 11 into the cavity 12 of a Nd:YAG laser 8.
After passing through an input laser mirror 14, the
808 nm beam 10 passes through a nonlinear cry-
stal 15 consisting essentially of KTP and is ab-
sorbed in the crystal of Nd:YAG laser medium 13,
pumping a laser transition to emit a beam 16
having a wavelength of 1064 nm. An output laser
mirror 17 and the input laser mirror 14 are both
coated to be high reflectors at 1064 nm, so no
1064 nm power is directly coupled out, and a
powerful internal field at 1064 nm builds up inside
the cavity 12. The 808 nm beam 10 and 1064 nm
beam 16 mix within the KTP crystal 15 to form a
beam 18 of coherent radiation at a wavelength of
essentially 459 nm that passes without significant
loss through the Nd:YAG laser crystal and output
laser mirror 17 to a utilization device (not shown).
Since the power of Nd:YAG laser 8 varies slowly in
response to modulation of the GaAlAs laser 9, high
speed modulation of the power of the generated
459 nm beam 18 will follow exactly the modulation
of the 808 nm pump 9, provided that the average
power at 808 nm is maintained at a level that
keeps the 1064 nm intracavity laser power substan-
tially constant.

The KTP crystal 15 is xyz cut with polished
faces perpendicular to the crystallographic y-axis
and aligned within the laser cavity 12 in such a way
that the laser beams 10,16 propagate substantially
down the y-axis with the 808 nm beam 10 po-
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farized mostly in the x direction and the 1064 nm
beam 16 polarized mostly in the z direction. The
generated 459 nm beam 18 will propagate parallel
o the other beams 10,16 and be polarized in the x
direction. For maximum conversion efficiency, the
KTP crystal 15 should be placed at the beam waist
in cavity 12.

In this embodiment, input laser mirror 14
should be coated o be a high reflector (HR) at
1064 nm and antireflecting (AR) at 808 nm. Output
laser mirror 17 should be HR at 1064 nm and AR
at 459 nm. The input surface (facing mirror 14) of
KTP crystal 15 should be AR at 1064 nm and at
808 nm, while its output (opposite) surface should
be AR at 1064 nm, 808 nm, and 459 nm. The input
surface (facing crystal 15) of Nd:YAG crystal 13
should be AR at 1064 nm, 808 nm, and 459 nm,
while its output surface shouid be AR at 1064 nm
and at 459 nm and HR at 808 nm.

In our reduction to practice, a KTP crystal 15,
3.5 mm long, was separated by a spacer 19 of
dielectric maierial about 125 microns from a 5§ mm
long Nd:YAG laser medium 13. This was to insure
that- 2 high intensity will be maintained for the 808
nm pump beam 10 in both of said crystals. Cavity
12 was formed from an input mirror 14 having a 0.9
cm radius of curvature and an output mirror 17
having a 5 cm radius of curvature. The cavity
length was adjusted to be approximately the sum
of the mirror radii (i.e., 5.9 cm), which produced a
small waist approximately 0.9 cm from the input
mirror 14.

The waist region was, and should preferably
be, substantially equal to and coincident with the
length of KTP crystal 15. With the crystals 15,13 so
positioned, the waist is close enough to input mir-
ror 14 to assure tight focusing of the beam 10 from
pump laser 9.

The KTP and Nd:YAG crystals were mounted
in a special housing (not shown) which in turn was
mounted in a mirror gimbal (not shown) that per-
mitted it to be tilied to opiimize the blue outpuf
beam 18. Lens 11 had a focal length of 40 mm.
Light at 808 nm pumped from laser 9 at 275 mW
provided approximately 1 mW of 459 nm (blue)
light in a clean spatial mode. Iniracavity power at
1064 nm is estimated to be approximately 10 W
with this degres of pumping. The 275 mW which
was used for pumping is within the range of com-
mercially available diode arrays. However, since
such arrays are presenily available with ouiput
power up to 1 W, diode pumping can reasonably
be expected to generate several mW of 452 nm
outpui.

The alternative embodiment illustrated in Fig. 2
differs from that in Fig. 1 in that the back and front
mirrors 14 and 17 are replaced by integral mirrors
formed by coatings 14a,17a HR at 1064 nm placed
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directly on the input surface of KTP crystai 15z ang
output surface of the Md:YAG laser crysiai 13a. As
illusirated. surface 14a is curved. Howewer, f pre-
ferred, a hemispherical cavity with bgam waist at
the input surface of KTP crystal 15a can be pro-
duced by curving the ouiput facs of the Nd:YAG
crystal 13a with all other surfaces remaining planar.
Alignment of the laser cavity is adjustad by tilling
Nd:YAG crysial 13a with respect o KTP zrystal
15a and is permanently maintained by use of spac-
er 19. In addition t0 bsing HR at 1084 nm, the
input surface of KTP crysial 152 should pe AR at
808 nm, while its oulput swifacs should e AR at
1084 nm, 808 nm, and 459 nm. The inpul surface
of Nd:YAG crystal 13a shouldd be AR at 1084 om.
808 nm, and 458 nm while its oulpul surface
shouid be MR at 1084 nm and at 808 nm and AR
at 459 nm. In this embodiment, high speed modu-
lation is achieved in the same way as for the
embodirnent of Fig. 1.

The embodiment illustrated in Fig. 3 differs
fromm that in Fig. 1 in the following respecis. A
polarizing beamsplitier 20 is ussd {0 polarize the
1064 nm internal field and o couple in an auxiliary,
modulaied GaAlAs lassr 21 1o provids the 808 nm
beam 25 focused by a lens 22 that mixss with e
1064 nm iniernal field. Gaalss laser $b can be
operated continuous wave (CW) or guast OW and
does not have to have a wavelength constrained to
exactly 808 nm, buf rathsr a wavsiength chossn {0
optimize pumping of the MJ:YAG lassr medium
13b. The advaniage of this aporoach is that ar-
bitrary modulation codes can be ussd for hs signal
fed into auxiliary GaAlAs laser 21 wilh no restriction
on average power level.

As illustrated, a cavily s produced by utilizing
integral mirrors formed by coatings 14,17, curv-
ing the now inpui surface of the Md:YAG laser
medium 13b and of the KTP crysial 15b, and
reversing the order of the Nd:YAG msdium 13b
and KTP crystal 15b from thai shown in the em-
bodiments of Figs. 1 and 2. The curved input
surface of Nd:YAG crystal 13b should o HR at
1064 nm and AR at the Ga&lds pump wavsiength
while the oufpui surface should be AR at 1084 nm
and HR ai the wavelengih of pumnp Sb. The input
surface of the beamsplitizr cubs 20 should be AR
at 1084 nm. The beamsplitting coating 23 should
be HR for polarized 08 nm and AR for ortho-
gonally polarized 1084 nm. The ouiput surface of
the beamsplitter cube 20 should be AR at 1064 nm
and 808 nm. The inpui surface of KTP crystal 15b
should be AR at 1064 nm and 808 nm and iis
oufput surface should be HR ai 1084 nm and AR at
459 nm.

This embodiment differs from that of Fig. 1 1n
that a polarizing conventionally coated beamsplitier
30 is placed outside laser cavity 12; ths QakiAs
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pump diode laser 9’ is operated CW rather than
with modulation to provide a beam 31 at essentially
808 nm; and a GaAlAs signal diode laser 32 is
operated to provide a modulated beam 33 af es-
sentially 808 nm. Beamsplitter 30 combines the
808 nm beams 31,33 into a beam 34. Laser beam
33 of laser 32 has the correct polarization to pro-
duce mixing, while the laser beam 31 of laser 9
has polarization orthogonal to that of beam 33.
Hence, the blue 459 nm radiation produced de-
pends only on the modulated signals of laser 32,
and the 1064 nm radiation depends only on the
CW pump laser 9. Thus, arbitrary modulation
codes can be applied to the signal laser 32, while
the 1064 nm power will remain Ihigh due to pump-
ing primarily by pump laser 9. The coatings on
mirrors 14,17 are the same as stated for Fig. 1.

Additional experimentation was conducted for
the KTP crystal 15 in a series of measurements
with no resonant cavity to determine the angular
and temperature tolerances for mixing 1064 nm
and 808 nm radiation to produce 459 nm radiation.
In an xyz-cut KTP crystal 15 3.5 mm long, the
nominal direction of propagation was down the y-
axis. The 1064 nm beam was provided by a lamp
pumped CW Nd:YAG laser, and a beam tunable
around 808 nm was prcvided by a CW dye laser.
The 1064 nm and 808 nm beams were always
copropagating and orthogonally polarized with the
nominal directions of polarization along the z-axis
and x-axis, respectively. Under these conditions,
the generated 459 nm radiation emerged polarized
in the x direction.

The angular acceptances were measured by
monitoring the output power as a function of exier-
nal angle of incidence as the crystal was rotated
about the z-axis (Fig. 5a) and x-axis (Fig. 5b). This
experiment was done at room temperature with the
dye laser set at 808.7 nm. As can be seen from
Fig. 5a, these angular acceptances were 10" and
£ 4" for rotation about the z-axis and x-axis, re-
spectively. These large angular acceptances are
typical for "noncritically phase matched" frequency
mixing processes that occur when phase matching
can be achieved for beam propagation directions
along one of the principal axes.

The temperature tolerance was determined by
monitoring the output power as a function of tem-
perature with the dye laser set at essentially 808
nm and the direction of propagation exactly along
the y-axis. Fig. 6 shows the results. Clearly the
temperature tolerance is extraordinarily wide, over
£ 160" C as measured at the full width WT at half
maximum signal. This exceeds by two orders of
magnitude the largest previously observed tem-
perature tolerance for a noncritically phase
matched mixing process of any type.

The simultaneously achieved wide angular ac-
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ceptance and temperature tolerance have very im-
portant implications for device applications. it is no
longer necessary to provide means of critically
adjusting the angle and/or temperature of the cry-
stal. Standard mechanical means should be suffi-
cient to provide accepiable prealignment of the
angle of the KTP crystal. The temperature toler-
ance of from approximately -60° to +280° C
measured at half maximum height is sufficient to
encompass the entire range of possible operating
temperatures for such applications as optical stor-
age.

Finally, the tolerance on the wavelength of the
808 nm beam was determined by monitoring the
output power as the laser was tuned. The experi-
ment was done at room temperature with the direc-
tion of propagation exactly along the y-axis. Fig. 7
shows the results. The wavelength tolerance A\ at
full width, half maximum signat is £ 1.6 nm from
808 nm and to be included by use of the term "at
essentially 808 nm" as recited in the claims.

It will thus be seen that the process and ap-
paratus above described for producing a beam of
coherent radiation at essentially 459 nm is espe-
cially suitable for high data rate optical recording
requiring wide temperature and angular tolerancs,
operable at low logic level voltages and not requir-
ing application of external electric fields.

While the embodiments above described em-
ploy a Nd:YAG laser gain medium for driving the
1064 nm radiation, it will be understood that, if
preferred, such radiation may be provided by other
lasers of lll-V or [I-IV semiconductor combinations
and by Nd in other hosts.

The embodiments, as illustrated, show the KTP
crystal mounted in the Nd:YAG laser cavity. How-
ever, if preferred, it will be understood that the KTP
crystal can be mounted in a separate passive cav-
ity resonant at essentially 1064 nm or 808 nm.

Claims

1. A process for producing a beam of coherent
radiation at essentially 458 nm including the step of
mixing, in a nonlinear crystal consisting essentially
of KTP, two fundamental laser beams, one at es-
sentially 808 nm and the other at essentially 1064
nm.

2. A process for producing a modulated beam
of coherent radiation at essentially 459 nm includ-
ing the steps of:
mixing, in a nonlinear crystal consisting essentially
of KTP, two fundamental laser beams at essentially
808 nm and at essentially 1064 nm, respectively,
operating one of said laser beams CW; and
operating the other of said laser beams with modu-
lation.
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3. A process according o claim 1 or claim 2,
including the step of:
deriving the essentially 1064 nm beam from a Nd
laser comprising a Nd-containing laser gain me-
dium, a pumping source, and mirror means forming
an optical cavity.

4. A process according to claim 1 or claim 2,
including the step of:
deriving the 808 nm beam from a semiconductor
diode laser.

5. A process according to claim 1 or claim 2,
including the step of:
using a serniconductor diode laser o provide the
input from which both the essentially 808 nm and
1064 nm beams are derived.

6. A process according to claim 1 or claim 2,
including the step of:
using one semiconductor dicde laser to provide the
essentially 808 nm beam and another semiconduc-
tor diode laser to provide a beam with a
wavelength chosen {o optimize pumping a laser
transition to emit the essentially 1064 nm beam.

7. A process according to claim 1 or claim 2,
including ihe step of:
deriving the essentially 1064 nm beam from a laser
consisiing essentially of lll-V or il-IV semiconductor
combinations.

8. A process according to claim 1 or claim 2,
including the steps of:
deriving the essentially 1064 nm beam from a Nd
laser comprising a Nd-containing laser gain me-
dium, a pumping source, and mirror means forming
an optical cavity that is resonant at essentially 1064
nm;
deriving the 808 nm beam from a semiconductor
diode laser; and
mounting said crystal and laser medium within said
cavity.

9. A process according to claim 3, including
the siep of:
polarizing the essentially 1064 nm beam.

10. A process according to claim 1, including
the step of:
disposing said nonlinear crystal in a cavity resonant
at essentially either 1064 nm or 808 nm.

11. A process according to claim 8, including
the step of:
providing the mirror means with facing surfaces
which reflect at essentially 1064 nm, but are an-
tireflective at essentially 808 nm and 459 nm, re-
spectively.

12. A process according to claim 8, including
the step of:
mounting a beamsplitter outside the optical cavity
of the Nd laser for combining a pumping beam with
an essentiaily 808 nm beam.
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13. Apparatus for generaiing from two fun-
damental laser beamns, one at ssseniiaily 808 nm
and the other ai essentially 1064 nim, 3 cohersnt
output ai essentiaily 459 nm, comprising:

a nonlinear crysial of sssentiglly KTP which ggn-
erates the 489 nm beam from the two fundamenial
laser beamns.

14. Apparatus of claim 20, including:

a Nd laser for providing the sssentially 1084 nm
bearn, comprising a Md-containing lassr gain me-
dium, a pumping sourcs. and mircdr means orming
a resonant optical cavily.

15. Apparatus of claim 14, including:

a sermiconductor diode laser for providing the 808
nm beam.

16. Apparatus of claim 14, including:
one semiconducior dicde laser io provide ihe es-
sentially 808 nm bearm; and
another semiconducior diode laser 1o grovide a
bearn with a wavelengih chosen {o optinize pump-
ing a laser transition o emit the sssentially 1064
nm beam.

17. Apparaius of claim 5, including:
means for polarizing the ossenially 1054 nm
beam.
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